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Sensitivity of N400 Effect During Speech Comprehension
Under the Uni- and Bi-Modality Conditions
Yanfei Lin , Zhiwen Liu, and Xiaorong Gao
Abstract: N400 is an objective electrophysiological index in semantic processing for brain. This study focuses on
the sensitivity of N400 effect during speech comprehension under the uni- and bi- modality conditions. Varying the
Signal-to-Noise Ratio (SNR) of speech signal under the conditions of Audio-only (A), Visual-only (V, i.e., lip-reading),
and Audio-Visual (AV), the semantic priming paradigm is used to evoke N400 effect and measure the speech
recognition rate. For the conditions A and high SNR AV, the N400 amplitudes in the central region are larger; for
the conditions of V and low SNR AV, the N400 amplitudes in the left-frontal region are larger. The N400 amplitudes
of frontal and central regions under the conditions of A, AV, and V are consistent with speech recognition rate of
behavioral results. These results indicate that audio-cognition is better than visual-cognition at high SNR, and
visual-cognition is better than audio-cognition at low SNR.
Key words: audio-visual speech; auditory noise; audio-visual integration; Signal-to-Noise Ratio (SNR)
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Introduction

The ability of speech recognition is a special advanced
cognitive ability of human beings. It is of great
significance to reveal the cognitive mechanism of the
human brain.
N400 is an objective electrophysiological index in
brain semantic processing[1] . The N400 component
is elicited by unrelated semantic stimuli. Its negative
peak appears at approximate 200–600 ms post-stimulus
period, and it locates mainly over the centro-parietal
sites. Previous studies demonstrated that N400 effect
can be elicited in uni-sensory (i.e., Audio-only (A) and
Visual-only (V)) modality, such as spoken words, written
words/sentences, pictures, arithmetics, and so on[1–7] .
N400 effect can also be evoked by bi-sensory video
stimuli, such as cooperative actions and gestures[8, 9] . In
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addition, N400 effect can be elicited in cross-modal
semantic priming paradigm, where auditory (visual)
target words are preceded by visual (auditory) priming
words[10–17] .
As an objective index, many researchers take
interest in the sensitivity of N400 effect involving
in cloze probability, word association, orthographic
neighborhood size, word/sentence repetition, and
association relationship between prime-target wordpairs[1] . However, among different sensory modalities,
which sensory modality will elicit the strongest N400
effect? This question is needed to be further studied.
In order to examine the N400 sensitivity under
different sensesory modalities, this study used the
ordinary words of three sensory conditions: A, AudioVisual (AV), and V. At two different Signal-to-Noise
Rates (SNRs) of speech stimuli, the N400 effects under
the three conditions were measured. This study tried
to solve several problems as follows. First, the N400
sensitivities among A, AV, and V modality conditions
were analyzed to investigate the mechanism of early
semantic processing under different sensories. Second,
by the way of N400 electrophysiological measurement,
the AV integration features in speech processing were
analyzed at different SNRs.

The author(s) 2022. The articles published in this open access journal are distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).
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Material and Method
Participants

Seventeen volunteers (9 males and 8 females) between
the ages of 22 and 27 years old (mean D 24:0 years
old and standard deviation D 1:3 years old) participated
in this experiment. All participants had normal hearing
and normal or corrected-to-normal vision. They all
were native Chinese speakers, right-handed, and had
no neurological diseases or mental disorders. The
experiment was conducted in accordance with the
Declaration of Helsinki, and approved by the Tsinghua
University Institutional Review Board. All subjects
signed the Researchers’ Consent Form before the
experiment, and were financially rewarded for their
participation.
2.2

Materials

There are all 240 Chinese words with one-tone. The
video of a woman’s face articulating Chinese words was
recorded. The video and speech materials were edited
by Adobe Premiere Pro CS3 and Matlab software. The
stimuli materials included A, V, and AV conditions. Each
condition was added into two different intensities of
pink noise to generate 0 dB and –12 dB SNRs of speech
stimuli. The variances of pink noise at 0 dB and –12 dB
SNR were obtained from 

var.A/
(1)
SNR D 10 lg
var.N /
where var(A) was the variance of the speech, and var(N )
was the variance of the pink noise[18, 19] .
In the A condition, black screen was presented and
female’s speech mixed with pink noise was broadcasted.
In the V condition, the video of female’s face articulating
words without speech was presented, but only pink
noise was played. In the AV condition, the video of
female’s face articulating words was presented, as well
as the speech mixed with pink noise. There were all six
conditions including A0, A12, AV0, AV12, V0, and V12.
Each condition contained 40 related pairs of words and
40 unrelated pairs of words. The unrelated target was
replaced by the other one different from the related word.
Each unrelated target was used only once. There were
all 480 trials which were subdivided into five blocks to
record EEG signals.
2.3

Procedure

N400 effect was elicited by semantic priming paradigm.
All 480 trials were presented in a pseudo-randomized
order. The experiment procedure is shown in Fig. 1.

Fig. 1 Experimental procedures. For example, under the A
condition, when the Chinese word “¬
¬” was presented as the
prime word, if the auditory speech of Chinese word “¬
¬” was
presented as the target word, this is congruent condition; if
the auditory speech of other Chinese word was played, this is
incongruent condition.

First, a cross in the blank screen was presented for 200
– 300 ms. Next, a Chinese word was presented in the
screen for 200 ms as semantic priming stimulus. After a
blank screen was presented for 200 ms, the target stimuli
were displayed. If the target stimulus was audio-only
(SNRs are 0 dB and –12 dB), a blank screen was first
presented for 400 ms, and then the auditory materials
were played for 667 ms with the blank screen. If the
target stimulus was visual-only or audio-visual (SNRs
are 0 dB and –12 dB), the first static image of the video
was presented for 400 ms, and then the whole video
was displayed for 667 ms. After the target stimuli were
ended, the subject was instructed to response whether
the prime-target pair was consistent as soon as possible.
If the prime-target pair was consistent, the left key was
pressed. If not, the right key was pressed. Finally, the
subject had a rest for 1000 ms. Then next trial entered.
2.4

EEG recording

EEG data were recorded using Neuroscan Synamps with
64-channel Ag/AgCl electrodes. The sampling rate was
1000 Hz, and the right mastoid was online-referenced.
The electrode impedance was less than 5 k.
2.5
2.5.1

Data analysis
Pre-processing

EEG data were filtered using a band-pass filter from
0.5 to 50 Hz and a 50 Hz notch filter (band width of
4 Hz). The average of the left and right mastoid was
used as the offline reference. The appearance of auditory
noise represented the critical action onset. The EEG
data were segmented into single trials spanning from
200 ms before the auditory onset to 700 ms after the
auditory onset, with the pre-stimulus window of 200 ms
calculated as the baseline. EEG epochs contaminated by
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ocular movements or other artifacts were removed with
a threshold of ˙100 V.
2.5.2 Behavioral data
In order to test the difference in the accuracy of
speech recognition among three modalities at different
SNRs, two-way repeated-measures analysis of variance
(ANOVA) on six kinds of stimulus conditions (six levels:
two SNRs of 0 dB and –12 dB multiplied by three
modalities of A, V, and AV, or A0, A12, AV0, AV12,
V0, and V12) and two kinds of stimulus (consistent and
inconsistent) were conducted. If the variance analysis of
the speech recognition rate was significant, then the pairwise comparison was performed. This study analyzed
the difference in speech recognition rates between 0 dB
and –12 dB SNRs under the same modality, and the
differences in speech recognition rates among A, V, and
AV modolities at the same SNR.
2.5.3 Event Related Potential (ERP) analysis
First, according to the ERP time response, the time
window of N400 effect was 350–600 ms[1] . In this
time window, the topological graph of brain activity
was plotted. And then, three regions of interest were
determined: left-frontal (six electrodes: F7, F5, F3, FT7,
FC5, and FC3), right-frontal (six electrodes: F4, F6, F8,
FC4, FC6, and FT8), and fronto-central (nine electrodes:
F1, Fz, F2, FC1, FCz, FC2, C1, Cz, and C2). Finally,
repeated-measures ANOVA was performed to determine
whether or not SNRs exert effects on N400 effects.
Pair-wise follow-up analysis with a Bonferroni test was
performed to determine whether or not a significant
difference in N400 effects could be observed among
the different modalities. Geisser-Greenhouse correction
was used to evaluate statistical effects with more than
one degree of freedom in the numerator.

3
3.1

Result
Behavioral results

Behavioral results of speech recognition rate are shown
in Fig. 2. Two-way repeated-measures ANOVA with
one between-subjects factor (congruent and incongruent)
and one within-subjects factor (six levels: A0, A12,
AV0, AV12, V0, and V12) was conducted. The
results show that no siginificant difference was found
between congruennt and incongruent speech recognition
rate ŒF .1; 32/ D 1:150; p D 0:292 > 0:05, but a
significant difference was observed for within-subjects
factor ŒF .5; 160/ D 78:910; p D 0:000 < 0:05. Further
pair-wise comparison showed that the auditory-only

Fig. 2 Behavioral results. The speech recognition accuracy
under congruent and incongruent conditions at different
SNR for audio-only, audio-visual, and visual-only modalities.

speech recognition rate at the high SNR (0 dB)
was higher than that at the low SNR (–12 dB)
ŒA0 > A12 W p D 0:000 < 0:05. The audio-visual speech
recognition rate at high SNR (0 dB) was higher than that
at low SNR (–12 dB) ŒAV0 > AV12 W p D 0:013 < 0:05.
No significant difference of the visual-only speech
recognition rate was found between high and low SNRs
Œp D 1:000 > 0:05. It was indicated that, for the same
modality condition, audio-visual or auditory-only speech
accuracy rate at the high SNR was higher than that at
the low SNR, but no influence of SNR was found for
visual-only condition.
Pair-wise comparison also showed that, at the high
SNR, speech recognition rate in visual-only condition
was significantly lower than that in audio-only or audiovisual condition ŒV0 < A0 W p D0:001 <0:05I V0 < AV0:
p D 0:000 < 0:05: No significant difference was
found between auditory-only and audio-visual speech
recognition rate Œp D 1:000 > 0:05: At the low SNR,
speech recognition rate in auditory-only condition was
significantly lower than that in audio-visual or visualonly condition ŒA12 < AV12 W p D 0:000 < 0:05I
A12 < V12 W p D 0:000 < 0:05. Audio-visual speech
recognition rate was significantly higher than visualonly speech recognition Œp D 0:036 < 0:05. It was
indicated that, for different modality conditions, auditory
speech recognition at the high SNR was better and more
accurate than visual speech recognition. Visual speech
recognition rate at the low SNR was better and more
accurate than auditory speech recognition.
3.2

ERP results

Figure 3 shows the grand average ERPs of the F7, F8,
and Cz electrodes under A0, A12, AV0, AV12, V0, and
V12 conditions. The incongruent wave offset from the
congruent one appears at the time of 350–600 ms. The
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Fig. 3 The grand average ERPs of the F7, F8, and Cz electrodes under A0, A12, AV0, AV12, V0, and V12 conditions. The dark
solid and red dashed lines stand for the incongruent and congruent conditions, respectively.

ERPs of F8 and Cz electrodes have more negative shifts
under the incongruent condition compared to that under
the congruent condition, while the F7 ERPs have the
opposite results. Under the audio-only condition, the
N400 deviations of F8 and Cz electrodes are larger, and
the N400 amplitudes of F7 and F8 electrodes are larger
under visual-only condition.
The N400 deviation was obtained by subtracting the
averaged incongruent wave from the averaged congruent
wave. The topological graphs of the N400 deviation in
the time window of 350–600 ms are shown in Fig. 4. The
N400 effect was concentrated in the frontal, central, and
parietal regions. The audio-only and audio-visual N400
effects at the high SNR were more obvious than those at
the low SNR. Under different modality conditions, the
audio-only N400 effect at the high SNR was strongest;
the visual-only N400 effects were mainly concentrated
in the frontal region. The audio-visual N400 effect was
closer to the audio-only one at the high SNR; the audio-

Fig. 4 N400 Topographies at the time window of 350–600 ms
under A0, A12, AV0, AV12, V0, and V12 conditions.

visual N400 effect was closer to the visual-only one at
the low SNR.
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The scalp potentials were divided into three regions of
interest by the energy distribution of the N400 effect. As
shown in Fig. 5a, R1 region is left-frontal (6 electrodes:
F7, F5, F3, FT7, FC5, and FC3); R2 region is rightfrontal (6 electrodes: F4, F6, F8, FC4, FC6, and FT8);
R3 region is fronto-central (9 electrodes: F1, Fz, F2,
FC1, FCz, FC2, C1, Cz, and C2). The mean and
the Standard Error of the Mean (SEM) of the N400
amplitudes in the three regions are shown in Fig. 5b.
Repeated-measures ANOVA in the R1 region
(6 levels  6 electrodes) revealed that the N400 effects
were significantly different under six levels ŒF.5; 92/ D
13:066; p D 0:000 < 0:05. Under the same modality
condition, the N400 effects (negative wave) at high SNR
were significantly more negative than those at low SNR
.A0 < A12; p D 0:005 < 0:05; AV0 < AV12; p D
0:000 < 0:05/; There was no significant difference
in visual-only condition between high and low SNRs
(V0 < V12; p D 0:168 > 0:05/; Pair-wise comparison
showed that, at the high SNR, N400 effects of audioonly and audio-visual were significantly more negative
than that of visual-only .A0 < V0; p D 0:000 <
0:05I AV0 < V0; p D 0:003 < 0:05/. And at the
low SNR, N400 amplitudes of visual-only and audiovisual were significantly more positive than that of audioonly .AV12 > A12, p D 0:000 < 0:05I V12 > A12,
p D 0:000 < 0:05/. The results were consistent with
the behavioral findings.
Repeated-measures ANOVA in the R2 region
(6 levels  6 electrodes) revealed that the N400 effects
were significantly different under six levels ŒF.5; 92/ D
28:652; p D 0:000 < 0:05. Under the same modality,
N400 effects of audio-only and audio-visual at the high
SNR were significantly more negative than those at the
low SNR .A0 < A12; p D 0:000 < 0:05I AV0 <
AV12; p D 0:033 < 0:05/; There was no significant
difference in visual-only condition between high and

Fig. 5 (a) Three regions of interest. (b) Amplitudes of mean
and SEM of N400 in three regions.
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low SNRs .V0 < V12; p D 0:974 > 0:05/; Pair-wise
comparison showed that N400 effects of audio-only and
audio-visual were significantly more negative than that
of visual-only at high SNR .A0 < V0; p D 0:000 <
0:05I AV0 < V0; p D 0:000 < 0:05/. And N400
effect of visual-only was significantly more positive than
that of audio-only at the low SNR .V12 > A12; p D
0:004 < 0:05/. There was no significant difference
between audio-only and audio-visual N400 effects at
the low SNR (AV12 > A12; p D 0:091 > 0:05/. The
results were consistent with the behavioral findings.
Repeated-measures ANOVA in the R3 region (6 levels
9 electrodes) revealed that the N400 effects
were significantly different under six levels
ŒF.5; 140/ D 79:933; p D 0:000 < 0:05. Under
the same modality, N400 effects of audio-only and
audio-visual (negative wave) at the high SNR were
significantly more negative than those at the low SNR
.A0 < A12; p D 0:000 < 0:05I AV0 < AV12; p D
0:000 < 0:05/I There was no significant difference in
visual-only condition between high and low SNRs
(V0 < V12; p D 0:179 > 0:05/; Pair-wise comparison
showed that, at the high SNR, N400 effects of audioonly and audio-visual were significantly more negative
than that of visual-only .A0 < V0; p D 0:000 <
0:05I AV0 < V0; p D 0:000 < 0:05/. And at the low
SNR, N400 effects of visual-only and audio-visual
were significantly more positive than that of audio-only
.AV12 > A12; p D 0:000 < 0:05I V12 > A12; p D
0:000 < 0:05/. The results were consistent with the
behavioral findings.
The statistical behavioral results and ERPs results in
three regions of interest are summarized in Table 1. For
the same modality, N400 amplitudes of audio-only and
audio-visual at the high SNR were significantly more
negative than those at the low SNR, and there was no
Table 1 Statistical behavioral results and ERPs results in
three regions of interest.
Behavioral
ERP
Condition
Modality
result
R1
R2
R3
p
p
p
p
High/
A0 > A12
p
p
p
p
low
AV0 > AV12
SNR
V0 > V12




p
p
p
p
V0 < A0
p
p
p
p
V0 < AV0
Among
p
p
p
A0 > AV0

different
p
p
p
p
A12 < AV12
modalities
p
p
p
p
A12 < V12
p
AV12 > V12
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significant difference for visual-only condition between
the high and low SNRs. For different modalities, at high
SNR, N400 amplitudes of audio-only and audio-visual in
the R2 and R3 regions were significantly more negative
than that of visual-only. At low SNR, N400 amplitudes
of visual-only and audio-visual in the R1 region were
significantly more positive than that of audio-only. Thus,
the ERP results of the R1, R2, and R3 regions (i.e., the
frontal and central regions) were relatively consistent
with behavior results.
Further analysis of brain activity topological graphs
in Fig. 4 shows that, at the high SNR, there was a more
significant positive correlation (r) between audio-visual
and audio-only N400 amplitudes compared with that
between audio-visual and visual-only N400 amplitudes
(AV0 & A0: r D 0:753; p D 0:000 < 0:05I AV0&V0 W
r D 0:440I p D 0:000 < 0:05/. At the low SNR,
there was a more significant positive correlation between
audio-visual and visual-only N400 amplitudes compared
with that between audio-visual and audio-only N400
amplitudes (AV12 & A12: r D 0:684I p D 0:000 <
0:05I AV12&V12 W r D 0:835I p D 0:000 < 0:05/.
The results showed that, at the high SNR, audio-visual
modality was closer to audio-only modality, and audiocognition was better than visual-cognition; at the low
SNR, audio-visual modality was closer to visual-only
modality, and visual-cognition was better than audiocognition.
In addition, the hemispheric asymmetry of N400
distribution was analyzed. Paired t tests of N400 effect
on the R1 and R2 regions were conducted under different
sensory modalities. The results are shown in Table 2.
It was revealed that the amplitude of N400 in the right
hemisphere was larger than that in the left hemisphere
under the A, V, and AV conditions at high and low SNRs.

4
4.1

Discussion
ERP and behavioral results

The behavioral and ERP results of Table 1 showed that,
Table 2 Specific results of paired t tests of the N400 effect
between R1 and R2 regions.
Condition
Modality
t
Significance
A0
3.448
0:003 < 0:05
A12
3.522
0:003 < 0:05
AV0
2.864
0:011 < 0:05
R1 & R2
AV12
4.252
0:001 < 0:05
V0
2.674
0:017 < 0:05
V12
4.150
0:001 < 0:05

for R1, R2, and R3 regions, under different modality
conditions, the N400 amplitudes at the high SNR
were significantly higher than those at the low SNR
under audio-only and audio-visual conditions. There
was no significant difference in N400 effects between
high and low SNRs under visual-only condition. At
the high SNR, the N400 amplitudes of audio-visual
and audio-only conditions were significantly higher
than that of visual-only condition; at the low SNR,
the N400 amplitudes of audio-visual and visual-only
conditions were significantly higher than that of audioonly condition. The ERP results in R1–R3 regions of the
scalp EEG were consistent with the behavioral results.
4.2

Visual-audio integration

This paper studied the audio-visual integration ability.
In the behavioral results, the repeated-measurement of
the variance analysis of the speech recognition rate
gain between audio-visual and audio-only modalities
on the SNR effect was conducted. It revealed that
the gain at the low SNR was significantly higher
than that at the high SNR (accuracy: Gain12 >Gain0,
ŒF.1; 32/ D 102:395I p D 0:000 < 0:05. This result was
consistent with the principle of reversal[20–24] , that is,
when a single sensory signal becomes weak (this paper
added auditory noise, auditory signal was weakened),
the intension of multi-sensory integration becomes
stronger. This result was not contradictory to the
stochastic resonance phenomena mentioned in the existing
literature[20, 21] . The SNRs in these two experiments were
both –12 dB, and the multi-sensory gain was higher than
the residual using this SNR.
Liu et al.[24] showed that the maximum audio-visual
integration gain was in the time window of 130–200 ms
in the frontal-central region (that is R3 region in this
study). In the R3 region, the variance analysis of the
repeated-measurement of N400 amplitude gain between
the audio-visual and audio-only modalities on the SNR
effect was conducted. It shows that the N400 amplitude
gain (AV-A) at the low SNR was significantly higher
than that at the high SNR (R2 N400: Gain12 < Gain0,
ŒF .1; 144/ D 11:908I p D 0:001 < 0:05/. The result
indicated that the speech recognition ability reflected by
the N400 effect was consistent with that by the audiovisual integration.
4.3

Comparison of speech recognition ability
between different modalities

In this study, at the high SNR, audio-visual modality was
closer to audio-only condition, and audio-cognition
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was better than visual-cognition; at the low SNR, audiovisual model was closer to visual-only condition, and
visual-cognition was better than audio-cognition. With
the increase of SNR, speech recognition rates of audiovisual and audio-only increased; there was no significant
difference in speech recognition rate of visual-only
condition between different SNRs[20–24] . Therefore, at
the high SNR auditory information was sufficient for
human brain to identify speech, while visual information
was less utilized, which made the audio-visual speech
recognition rate be similar to that of audio-only. On the
other hand, the auditory information was weak at the low
SNR, and the visual information was relatively strong,
which made the audio-visual speech recognition rate be
similar to that of the visual-only condition[25, 26] .
4.4

Hemispheric asymmetry

The hemispheric asymmetry of N400 distribution was
analyzed in this study. The results showed that the
N400 amplitude in the right hemisphere was significantly
larger than that in the left hemisphere. Although Hahne
and Friederici[27] showed a contrary result under the
auditory modality, this result was consistent with most
of the previous studies[28, 29] . Overall, the amplitude of
N400 in the right hemisphere is significantly larger than
that in the left hemisphere. This may be related to the
early semantic processing of Broca area in brain[30] .

higher than that of visual-only condition. At the low
SNR, the N400 amplitude of visual-only or audio-visual
condition in the left-frontal region was significantly
higher than that of audio-only condition. The N400
amplitudes of frontal and central regions under the
A, AV, and V conditions were consistent with speech
recognition rate of behavioral results.
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